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Novel Binding Site Identified in a Hybrid between
Cholera Toxin and Heat-Labile Enterotoxin:
1.9 A˚ Crystal Structure Reveals the Details
ingly, their prominent role in disease mechanisms and
recognition processes has vastly increased the interest
in carbohydrates and carbohydrate binding proteins in
recent years (Science, 2001; Dove, 2001). The diversity
in the way that monosaccharide moieties can form com-
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University of Oslo The cholera toxin (CT) from Vibrio cholerae (Lai, 1980)
P.O. Box 1033 and the heat-labile enterotoxin (LT) from enterotoxigenic
Blindern, N-0315 Oslo Escherichia coli (Gyles, 1992) are structurally and func-
Norway tionally related proteins (Merritt and Hol, 1995). They
consist of one enzymatically active A subunit (with ADP-
ribosyl transferase activity) and five receptor binding B
Summary subunits. In the holotoxin, the B subunits are assembled
into a doughnut-shaped pentamer with the A subunit
A hybrid between the B subunits of cholera toxin and noncovalently anchored in the center. Cholera toxin and
Escherichia coli heat-labile enterotoxin has been de- Escherichia coli heat-labile enterotoxin primarily act as
scribed, which exhibits a novel binding specificity to mediators of diarrheal diseases (i.e., cholera and the
blood group A and B type 2 determinants. In the pres- slightly milder form called “tourist or travelers diarrhea”)
ent investigation, we have determined the crystal (Holmgren, 1981). Upon infection, the organism secretes
structure of this protein hybrid, termed LCTBK, in com-
the toxin and the B-pentamer binds to receptors present
plex with the blood group A pentasaccharide Gal-
on the target cells. The entire toxin is then internalized
NAc3(Fuc2)Gal4(Fuc3)GlcNAc, confirming not
by a process that is not yet fully understood. In the cell,
only the novel binding specificity but also a distinct
a cascade of reactions, triggered by the initial ADP-new oligosaccharide binding site. Binding studies re-
ribosylation of the ATPase Gs, finally leads to elevatedvealed that the new specificity can be ascribed to a
levels of cAMP, giving rise to a subsequent secretionsingle mutation (S4N) introduced into the sequence of
of fluid and electrolytes from the cells.Escherichia coli heat-labile enterotoxin. At a resolution
An intriguing property of the toxins is their potentof 1.9 A˚, the new binding site is resolved in excellent
mucosal and systemic immunogenicity. The holotoxinsdetail. Main features include a complex network of
are not only strong immunogens but also powerful mu-water molecules, which is well preserved by the parent
cosal adjuvants that stimulate immune responses to co-toxins, and an unexpectedly modest contribution to
administered antigens (Simmons et al., 2001). The iso-binding by the critical residue Asn4, which interacts
lated B-pentamers are potent immunogens in their ownwith the ligand only via a single water molecule.
right and, in fact, the anti-toxin antibody response upon
exposure to the holotoxin is primarily directed towardIntroduction
the B subunits (Belisle et al., 1984; Holmes and Twiddy,
1983; Nashar et al., 1996). Furthermore, the B subunitsCarbohydrates are complex molecules with high poten-
have immune-modulating properties that are distincttial for the encoding of biological information. Accord-
from those of the holotoxins. Rather than acting as adju-
vants, the B subunits have been shown to drive the*Correspondence: asa.holmner@chembio.chalmers.se (A.H.); ute.
krengel@chembio.chalmers.se (U.K.) induction of immunological tolerance to chemically and
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genetically coupled antigens (Lebens et al., 2003; Sade-
ghi et al., 2002; Sun et al., 1994).
The CT and LT B-pentamers (CTB and LTB) share 83%
sequence identity (corresponding to 17 substitutions
among 103 amino acid residues). Both B-pentamers
bind to the ganglioside GM1 (Gal3GalNAc4(NeuAc3)
Gal4GlcCer) as their primary receptor (Holmgren,
1973; Holmgren et al., 1975). However, while CTB exclu-
sively recognizes this one receptor, LTB has a broader
specificity and has been shown to recognize glycopro-
teins and glycolipids with N-acetyllactosamine- (Gal4-
GlcNAc-) terminated carbohydrate chains, in addition to
its primary receptor GM1 (Griffiths and Critchley, 1991;
Holmgren et al., 1982, 1985; Karlsson et al., 1996; Orlandi Figure 1. Schematic Drawing of the Blood-Group A Type 2 Penta-
saccharide GalNAc3(Fuc2)Gal4(Fuc3)GlcNAcet al., 1994; Teneberg et al., 1994).
R stands for the core extension of the saccharide chain (R 3Gal4-In order to evaluate the influence of specific amino
GlcNAc3Gal4Glc1Cer for A9-2 antigens). For comparison, inacid residues on carbohydrate binding specificity, a
blood group B determinants, the GalNAc residue is replaced by Gal.number of hybrids between recombinant CTB (rCTB)
In type 1 determinants, the 1-4 linkage between Gal and GlcNAc
and LTB from human isolates (hLTB) were constructed is replaced by a 1-3 linkage, respectively (and Fuc3 becomes
(Ba¨ckstro¨m et al., 1997; A˚ngstro¨m et al., 2000). These 1-4 glycosidically linked to GlcNAc instead); thus, the terminal
hybrids were generated by substituting amino acid resi- trisaccharide and the fucose unit are exchanged on GlcNAc (figure
generated with ChemDraw Std.).dues of CTB for those at the corresponding positions
in LTB. Purely by chance, a novel binding specificity (to
type 2 blood group A and B antigens) was identified
in complex with the blood group A pentasaccharidethat, according to computer modeling studies, seemed
GalNAc3(Fuc2)Gal4(Fuc3)GlcNAc confirms the gen-unlikely to be linked to the GM1 binding site. The protein
eration of a new binding specificity and the existencehybrid with the new binding specificity (termed LCTBK )
of a distinct new ligand binding site.exhibits a sequence midway between the parent toxins,
differing from CTB in 8 residues and from hLTB in 9
Final Crystallographic Modelresidues, respectively. Furthermore, only one amino
The crystals contain two pentamers per asymmetricacid (the Asn residue at position 4) differs between this
unit. Five pentasaccharides are bound to each pen-new protein hybrid and a hybrid with binding properties
tamer. The three-dimensional fold of the parent proteinsindistinguishable from hLTB, termed LCTBH, which ex-
(Sixma et al., 1993; Merritt et al., 1994) is well preservedhibits a serine residue at this position. Molecular model-
in the hybrid with each monomer containing a five-ing lead to the proposal of a new binding site, distinct
stranded antiparallel  sheet and two  helices thatfrom the original GM1 binding site, in which the critical
line the central pore of the toxin B-pentamer. The finalasparagine residue at position 4 plays a central role in
crystallographic model (PDB entry 1TL0; R  17.5%,anchoring the blood group A pentasaccharide to the
Rfree  22.7%) contains 960 amino acid residues, 50protein (A˚ngstro¨m et al., 2000).
sugar residues, and 911 water molecules. Root-mean-In the present study, we have solved the crystal struc-
square deviations (rmsd) from ideal geometry areture of the protein hybrid LCTBK in complex with the
0.013 A˚ and 1.70 for bond lengths and angles, respec-blood-group A pentasaccharide GalNAc3(Fuc2)Gal4
tively (see Table 1). There is clear electron density for(Fuc3)GlcNAc (Figure 1). Inspired by the knowledge
all sugar residues of the blood group A pentasaccharidethat only one amino acid residue differs from a protein
(Figure 2A) as well as for the majority of the proteinhybrid with LTB properties, we further extended the
residues, except for a few solvent-exposed regions onstudy by introducing the same point mutation in the
the protein surface (the average real space correlationrecombinant hLTB molecule, thus exchanging serine to
coefficient (r.s.c.c.) is 87%, based on a composite an-asparagine at position 4. This new hybrid, hLTB/S4N,
nealed OMIT map).was further investigated with respect to its binding prop-
erties by glycosphingolipid binding studies. Interest-
Novel Binding Site for Blood Group Antigensingly, the hLTB single mutant displays similar binding
Owing to differences in the local environment and theproperties as the previously identified protein hybrid
intrinsic flexibility of the pentasaccharide, the qualityLCTBK, thus nailing down the new binding specificity
of the electron density differs slightly between the tento a single amino acid residue.
binding sites. Nevertheless, all five monosaccharide res-
idues could be unmistakably modeled in all ten copies
of the B subunit. The analysis of the carbohydrate bind-Results
ing site (as described below and detailed in Figure 2B
and Table 2) is mainly based on the binding site at theThe driving force for performing the present structural
investigation was evidence for a novel binding site in interface of the D and H subunit of the B-pentamer,
which is one of the highly solvent-exposed sites; how-the protein hybrid LCTBK based on glycosphingolipid
binding studies and theoretical modeling (A˚ngstro¨m et ever, the variation of ligand binding within the decamer
is small (see Figure 3; rmsd of the C atoms of residuesal., 2000). The 1.9 A˚ crystal structure of the hybrid LCTBK
Crystal Structure LCTBK-Pentasaccharide Complex
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and serves as an anchor for the entire oligosaccharideTable 1. Data Collection and Refinement Statistics
by binding to three of these four residues (Figures 2B
X-Ray Source Synchrotron Rotating Anode and 4; Tables 1 and 2). In addition, its methyl group is
Space group C2 C2 involved in strong hydrophobic interactions with CE1
Unit cell parameters (or CE2) and CZ of Phe48. This residue alone contributes
a (A˚) 109.4 110.2 to 40% of the buried solvent-accessible surface area of
b (A˚) 70.4 70.1 the pentasaccharide (in average 164.6 of 457.6 A˚2; see
c (A˚) 136.7 137.4
Table 1). () 91.9 92.9
Apart from the above-mentioned direct interactions,Resolution (A˚) 2.00 1.94
Completeness (%) 97.6 (96.8) 96.4 (93.0) saccharide binding to LCTBK is mainly promoted indi-
I/ 18.1 (4.8) 19.6 (5.7) rectly, via water molecules. In fact, the majority of pro-
Rmerge (%) 4.9 (29.5) 5.6 (17.6) tein-ligand interactions in this system are of indirect
Redundancy 4.3 (4.2) 5.4 (4.9) nature. The water molecules cluster in two distinct net-
Number of observed 292,908 (38,364) 401,958 (30,795)
works (W4-7 and W1-3; see Figures 2B and 3). Thereflections
former water cluster serves as an anchor for the reduc-Number of unique reflections 68,619 (9,231) 74,812 (6,278)
Reflections in test set (%) 5 5 ing end of the pentasaccharide (GlcNAc), and for
Rvalue (%) 17.5 Fuc2, by mediating contacts to protein residues Gln16,
Rfree (%) 22.7 Tyr18, Thr92, and Asn94. The latter water network links
Rmsd bond lengths (A˚) 0.013 the terminal GalNAc residue to Thr47, Gln3#, Asn4#,
Rmsd angles () 1.70
and Glu7#. It should be noted that Asn4, the residueR.s.c.c.a (%)
distinguishing hybrid LCTBK from LCTBH (and instru-Protein 87
Carbohydrate 74 mental for creating the novel binding specificity, as
Water molecules 71 shown below), is part of the latter interaction network
Average B factors (A˚2) (for details, see Table 2). In contrast to our expectations,
Protein atoms 24.0 this residue exhibits no direct interactions with the sac-
Carbohydrate atoms 33.7
charide ligand. Its only contact with the blood group AWater moleculesb 34.0
pentasaccharide is a single water-mediated hydrogenRamachandran profilec (%)
Most favorable 93.4 bond to GalNAc3 3-OH.
Additionally allowed 6.5 The fifth monosaccharide unit of the blood group A
Generously allowed 0.1 pentasaccharide, Fuc3, is highly solvent exposed and
Disallowed 0.0 does not form any hydrogen bonding interactions with
Average solvent-accessible
the protein. Nevertheless, its electron density is clearlysurface per binding sited (A˚2)
interpretable, due to extensive hydrophobic interactionsProtein 343.7
Carbohydrate 457.6 of its methyl group with the peptide stretching from
PDB entry 1TL0 Gly45 CA/C to Ala46 CA/CB and due to additional inter-
nal stabilization within the pentasaccharide (for details,Values in parentheses correspond to the data in the highest resolu-
see Table 2 and Figure 2B).tion shell (2.1–2.0 A˚ and 2.0–1.9 A˚ for the synchrotron and rotating
anode data sets, respectively).
a Calculated using the program CNS (Bru¨nger et al., 1998) using a
composite annealed OMIT map. Structural Comparison of LCTBK with Parent
b The water molecules W1–W7 in the binding site have an average B-Pentamers
r.s.c.c. of 33.8%.
A comprehensive comparison with ten high-resolutionc According to the program PROCHECK (Laskowski et al., 1993).
CTB and LTB structures (60 B subunits in total) fromd Calculated with the program AREAIMOL from the CCP4 program
the PDB (Berman et al., 2000) (see Experimental Proce-suite (CCP4, 1994). The calculation was performed on the protein
complex including water molecules W1–W7. dures) indicates that the overall protein fold is very well
preserved in LCTBK (rmsd for C atoms is 0.4  0.1 A˚),
even in the novel binding site (see Figure 3). Largest
differences are found for the loop participating in GM1involved in binding are 0.2 0.1 A˚, thus within the preci-
sion limits of the structure). recognition (residues 51–59), which adopts an unusual
conformation in one of the ten LCTBK subunits (subunitThe blood group A binding site is positioned in a
shallow cavity at the interface of two B subunits (see P). The local environment in this subunit, however,
strongly suggests that this uncommon fold is inducedFigure 4), in a position roughly corresponding to the
model proposed by A˚ngstro¨m et al. (A˚ngstro¨m et al., by crystal contacts and hence can be considered an
artifact introduced by crystallization, with no biological2000). This new binding site is clearly distinct from the
original GM1 binding site (Figure 4A). One of the two significance. The only relevant difference concerns a
small part of the blood group A binding site, i.e., theB subunits provides the majority of the amino acid con-
tacts involved in direct carbohydrate protein interactions. tip of a loop, composed of residues 44–46, where the
carbohydrate-protein interactions have induced a changeThe three terminal carbohydrate moieties GalNAc3,
Gal4, and Fuc2 are rather firmly bound to the protein in conformation. This is the region involved in strong
hydrophobic interactions with the Fuc3 methyl group.by direct hydrogen bonds to four protein residues,
Gly45, Thr47, Asn94, and Gln3# from the adjacent B Gly45, whose carbonyl group is engaged in two hydro-
gen bonds—with Gal4 O4 and with GalNAc2 N2—hassubunit (# indicating the adjacent B subunit). The Fuc2
residue is deeply buried in the otherwise shallow pocket moved by about 1.0  0.5 A˚ to facilitate binding to
Structure
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Figure 2. Stereo Pictures of the Pentasaccharide Ligand, Based on the Binding Site Involving Subunits D and H
(A) Exemplary (2Fo  Fc) electron density for the saccharide ligand, represented as chicken wire.
(B) Detailed stereo picture of the blood group A binding site. Note the modest role of the CTB-specific residue Asn4 (in red). This residue has
been shown to be of critical importance for creating the novel binding specificity and is nevertheless bound to the pentasaccharide only via
a single water molecule. LTB-specific residues are shown in blue, labels ended in # mark residues from a neighboring subunit in the B-pen-
tamer. Hydrogen bonds are indicated by dashed lines (figure generated with Swiss-PdbViewer and POV-Ray). B factors for the water molecules
W1–W7 are 40 A˚2 (W1), 35 A˚2 (W2), 40 A˚2 (W3), 33 A˚2 (W4), 38 A˚2 (W5), 46 A˚2 (W6), and 23 A˚2 (W7).
the saccharide ligand, thereby pulling along the two Effect of S4N Mutation in hLTB
Given that only one amino acid residue (at position 4)adjacent amino acid residues.
differs between LCTBK and a protein hybrid with bindingApart from this small change in conformation, struc-
properties indistinguishable from hLTB (LCTBH ), the ef-tural deviations in the binding site are mainly restricted
fect of a single substitution in hLTB from Ser4 (presentto a few differences in sequence between LCTBK and
in hLTB and LCTBH ) to Asn4 (found in CTB and LCTBK )the native toxins, differences that appear to affect the
was investigated by solid phase glycosphingolipid bind-network of structural water molecules at this site (Figure
ing studies. The results are shown in Figure 5. Both2B, Tables 2 and 3): while in all but three of the 25
hLTB and hLTB/S4N B-pentamers bound to the GM1investigated CT B-subunits, two of the central water
ganglioside (Gal3GalNAc4(NeuAc3)Gal4Glc1Cer)molecules (W1 and W2) are present and form the same
and to paragloboside (Gal4GlcNAc3Gal4Glc1Cer)water-protein hydrogen bonds as in the LCTBK com-
with similar affinities, demonstrating that the mutationplex, the water molecule interacting with Asn4# (W1) is
introduced in hLTB/S4N had not affected the ability tototally absent in all LTB structures. In contrast, none of
interact with these compounds. However, with respectthe four water molecules (W4–W7) mediating hydrogen
to the blood group antigens, the S4N mutant clearlybonds to Fuc2 or GlcNAc have any resemblance in
binds much stronger to the A9 type 2 (A9-2) glycosphin-CTB, whereas they are extremely well conserved in the
golipid GalNAc3(Fuc2)Gal4(Fuc3)GlcNAc3Gal-five high-resolution LTB structures investigated. The
4GlcNAc3Gal4Glc1Cer) than hLTB (if hLTB is at allwater molecule coordinated to the Gln3# backbone (W2)
binding). Binding to the blood group antigen is, however,is conserved in both CTB and LTB, while the water
weaker than to GM1. Similar results were obtained pre-molecule coordinated to Glu7# (W3) is characterized by
viously for LCTBK (A˚ngstro¨m et al., 2000).weak electron density and is not well conserved in either
of the parent B subunits.
Further, it was noted that a large number of CTB and Discussion
LTB subunits feature water molecules (or even larger
molecules such as glycerol) at positions corresponding It is clear from the binding studies performed on LCTBH
to the hydroxyl groups and the ring oxygen of Fuc2 in and LCTBK (A˚ngstro¨m et al., 2000) that the asparagine
the LCTBK complex. Similar observations have been residue at position 4 plays a significant role for the rec-
reported for other proteins, e.g., for various legume lec- ognition and binding of blood group A and B antigens
tin structures (Loris et al., 1994), which also exhibit con- by LCTBK. The Ser→Asn substitution at position 4 in
the recombinant hLTB has now been shown to generateserved water molecules in carbohydrate binding sites.
Crystal Structure LCTBK-Pentasaccharide Complex
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Table 2. Ligand Contacts
Carbohydrate Residue Direct Contacts (A˚) Interaction Partner Indirect Contacts (A˚) Interaction Partner
GalNAc N2 3.0  0.1 (10) Gly45 O
GalNAc N2 2.9  0.1 (10) Thr47 OG1
GalNAc O3 2.7  0.1(10) W2 2.6  0.1 (9) Gln3# O
W2 2.8  0.1 (9) Thr47 OG1
GalNAc O3 2.5  0.2 (6) W1 2.8  0.2 (7) Asn4# OD1/ND2
GalNAc O4 2.7  0.1 (6) W3 2.8  0.1 (6) Glu7# OE1/NE2
Gal4 O4 2.8  0.1 (10) Gly45 O
Fuc2 O2 2.8  0.3 (10) Gln3# OE1/NE2
Fuc2 O3 2.7  0.1 (8) W4 2.9  0.3 (6) Thr92 OG1
W4 2.7  0.1 (5) W5
Fuc2 O4 2.6  0.1 (10) Thr47 O
Fuc2 O4 2.9  0.1 (10) Asn94 N
Fuc2 C6 3.6  0.1 (10) Phe48 CE1/CE2
3.9  0.1 (10) Phe48 CZ
GlcNAc O1 2.9  0.3 (6) W6 3.0  0.3 (5) Gln16 OE1/NE2
W6 3.0  0.3 (5) W7
GlcNAc O6 3.1a W4
GlcNAc O6 3.1a W5 3.1  0.2 (5) Asn94 OD1/ND2
Fuc3 O4 3.2  0.3 (10)b Asn 44 O
Fuc3 C6 3.9  0.3 (10) Gly 45 C
Fuc3 C6 3.6  0.1 (10) Ala 46 CA
3.5  0.1 (10) Ala 46 CB
W7 3.1  0.2 (7) Gln16 OE1/NE2
W7 2.7  0.4 (10) Tyr18 OH
W7 2.6  0.1 (10) Asn94 OD1/ND2
Asn4# OD1/ND2 2.9  0.1 (10) Glu7# N
Asn4# OD1/ND2 3.0  0.0 (9) Thr6# N
The numbers in parentheses refer to the number of binding sites in which the particular interaction is present (from in total 10 independent
sites in the asymmetric unit).
a Present only in subunit A.
b Unfavorable angle for a hydrogen bond.
a mutant (hLTB/S4N) with binding properties similar to residue does not interact directly with the blood group
A pentasaccharide, as one might expect, but only indi-LCTBK (Figure 5), giving further support to this observa-
tion. Remarkably, in the crystal structure of LCTBK, this rectly via a single water molecule (see Figures 2B and
4). The molecular interaction involves the amide group
of Asn4 and the GalNAc3 3-OH group of the blood
group A pentasaccharide. This is in contrast to the
model proposed by A˚ngstro¨m et al. (A˚ngstro¨m et al.,
2000), which predicted direct H-bonding interactions of
Asn4 to Gal4 and Fuc3. While the rough localization
of the blood group A pentasaccharide in the vicinity of
the Asn4 residue was correctly predicted, the previously
proposed molecular model differs from the present ex-
perimental results in terms of overall conformation and
orientation of the saccharide ligand. In this context it
should be noted that, owing to the presence of ten dis-
tinct and individually refined B subunits, it is possible
to exclude that the architecture of the binding site, as
found in the crystal structure, is an artifact from packing
and crystal contacts.
Role of Asn4 for Binding Blood Group Antigens
Why is Asn4 so crucial, given that it only interacts with
the pentasaccharide via a single water molecule? And
why can serine not fulfill the same function as asparagine
in the first place? Even though the two side chains differ,
Figure 3. Superimposition of All Ten Independently Refined Blood
they also exhibit significant similarities, such as theirGroup A Binding Sites
polar functional groups that have the potential to form
The one outlier—the site at the subunit interface E/D—is strongly
water-mediated hydrogen bonds to the saccharide li-affected by crystal contacts. Please note the clusters of conserved
gand. The clue probably lies in the double interactionwater molecules bound to the site (figure generated with Swiss-
PdbViewer and POV-Ray). of the Asn4 side chain. In all CTB and LTB structures,
Structure
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Figure 4. View of the Novel Binding Site in
a Shallow Groove at the Interface of Two B
Subunits of LCTBK
(A) Overview picture. The blood group A pen-
tasaccharide is shown in stick representation;
the GM1 pentasaccharide is indicated by white
spheres. (Inset: positions of the novel binding
site and the GM1 binding site within the
B-pentamer, marked with red and white cir-
cles, respectively). Please note that the car-
bohydrate ligand is only displayed for one of
the five equivalent binding sites within the
B-pentamer.
(B) Close-up view of the blood group A bind-
ing site, featuring the two separate water
networks (figure generated with Swiss-
PdbViewer and POV-Ray).
the respective side chains are strongly coordinated to remains how strong the contribution of this water-medi-
ated interaction is in reality. More sensitive binding stud-the backbone of Thr6 and Glu7, which exhibit a similar
conformation in LCTBK compared to the parent toxins. ies (e.g., ITC measurements) on mutant and native toxin
Serine only has one functional group, a hydroxyl group.
Since this group is rather tightly bound to the protein Table 3. Amino Acid Composition in the Novel Binding Site
backbone of Thr6/Glu7, it is unavailable for either direct
Position LCTBK/hLTB-S4N hLTB CTB
or indirect hydrogen bonding interactions with the sac-
3 Gln Gln Glncharide. In contrast, Asn4, with its bifunctional amide
4 Asn Sera Asngroup, can mediate interactions both to the backbone of
7 Glu Glu Asp
Thr6/Glu7 and in addition to the bridging water molecule 16 Gln Gln Gln
coordinated to the 3-OH group of GalNAc3. In this way, 18 Tyr Tyr His
45 Gly Gly GlyAsn4, but not Ser4 (or Thr4, as in porcine LTB isolates)
47 Thr Thr Thris able to provide the additional interaction required for
92 Thr Thr Thrbinding of the new ligand. Molecular Dynamics Simula-
94 Asn Asn His
tions (B. Ka¨llebring, personal communication) are in sup-
Residues highlighted in bold italic differ between hLTB and CTB.port of this interpretation.
a Heat-labile enterotoxin B subunits from porcine isolates (pLTB)While the above reasoning indicates why Asn4, but
have a threonine residue at position 4.
not Ser4, can contribute to ligand binding, the question
Crystal Structure LCTBK-Pentasaccharide Complex
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Figure 5. Glycosphingolipid Binding Data
125I-labeled hLTB (A) and hLTB/S4N (B) were added to serial dilutions of glycosphingolipids adsorbed to microtiter wells. The assay was done
as described in the Experimental Procedures section. Data are expressed as mean values of triplicate determinations. GM1, Gal3GalNAc4
(NeuAc3)Gal4Glc1Cer; paragloboside, Gal4GlcNAc3Gal4Glc1Cer; A9 type 2 (A9-2), GalNAc3(Fuc2)Gal4(Fuc3)GlcNAc3Gal
4GlcNAc3Gal4Glc1Cer; B7 type 1, Gal3(Fuc2)Gal3(Fuc4)GlcNAc3Gal4Glc1Cer.
B subunits will certainly be needed in order to fully re- related (Ogata and Wodak, 2002; Loris et al., 1994; Krem
and Di Cera, 1998; Shaltiel et al., 1998; Sreenivasan andsolve this issue. However, published data on unrelated
protein-ligand complexes (Pebay-Peyroula et al., 2003; Axelsson, 1992). Furthermore, these conserved water
molecules are often found in active site clefts (ShaltielClarke et al., 2001; Adhikari et al., 2001; Pratap et al.,
2001; Ravishankar et al., 1997; Swaminathan et al., 1998) et al., 1998) or in ligand binding sites (Poornima and
Dean, 1995a, 1995b, 1995c; Babor et al., 2002) and cansuggest that a single water-mediated interaction can in
fact enhance binding affinity by up to 20-fold, which in be considered to be an extension of the protein surface.
As pointed out in the Results section, the blood groupsome cases is enough for generating binding specificity
(Ravishankar et al., 1997; Adhikari et al., 2001; Pratap A binding site of LCTBK harbors two distinct water net-
works (Figures 2B, 3, and 4). One of them (W1-W3) medi-et al., 2001; Pebay-Peyroula et al., 2003).
ates interactions between the terminal carbohydrate
moiety GalNAc3 and the adjacent B subunit—withImportance of the Water Network
Asn4 at the center of attention. The second networkBased on the previous considerations, we estimate that
(W4-W7) consists of four water molecules that primarilythe indirect, water-mediated interaction of Asn4 en-
mediate interactions to the reducing end of the saccha-hances binding affinity to the blood group A pentasac-
ride, GlcNAc, but also to Fuc2. When compared withcharide approximately by one order of magnitude. Obvi-
the native toxin B subunits, LTB and CTB, a clear se-ously, additional interactions are required to create a
quence dependence of this water coordination wasnew binding site, especially for such large ligands as
noted. The water molecule coordinated by Asn4 in thethe blood group antigens. Nevertheless, provided that
crystal structure (W1) was totally absent in all LTB struc-the essential preconditions already exist, a single substi-
tures, while well conserved in CTB. On the contrary, thetution might be all that is needed for the creation a new
water network coordinated by residues Gln16, Tyr18,binding site.
Thr92, and Asn94 (W4-W7) is well preserved in LTB butThe LCTBK-blood group A pentasaccharide complex
has no similarities in CTB. This correlates well with theis characterized by very few direct interactions. More
sequence differences in LTB and CTB (see Table 3,than 50% of the interactions are indirect water-mediated
Figure 2B). The only CTB-specific side chain participat-contacts. Still, the electron density is exceptionally clear
ing in any kind of interaction with the sugar is Asn4. Allfor the complete pentasaccharide and in all ten individ-
other residues at this site are either hLTB specific orual copies of the binding site, indicating that the water
conserved between the two toxins. The blood group Anetwork provides a stable platform of hydrogen bonds
binding site of LCTBK thus corresponds exactly to thatbetween the protein and its sugar ligand.
obtained by the introduction of a single amino acid sub-The presence of water-mediated interactions is not
stitution (S4N) in hLTB, which resulted in a moleculeat all uncommon in protein-ligand recognition (Janin,
with similar binding properties.1999; Levitt and Park, 1993; Toone, 1994). Several inves-
tigations have shown that certain water molecules oc-
cupy the same position in protein structures regardless Function of Second Binding Site?
The indications are that the novel ligand binding siteof crystallization conditions and for proteins from differ-
ent species, provided that the proteins are structurally was essentially preformed by the large water network
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held in place by the LTB residues and that the single on type 1 chains. Blood group determinants based on
type 2 chains are, on the other hand, abundant on glyco-substitution of Ser4 by asparagine was all that was
needed to strengthen the binding affinity such that it proteins (Finne et al., 1989). For this reason, one might
speculate that glycoprotein binding to the describedbecame detectable by our assays. More sensitive bind-
ing studies will be needed to investigate this question binding site may occur either as a first step guiding the
toxin to the primary GM1 sites on the epithelial cellfurther. If experimentally validated, this speculation
leads to further questions regarding the evolution of surface or as a second step enhancing the primary bind-
ing. Alternatively, binding to this site might be totallythe binding site. Whereas it may be unlikely that an
essentially preformed nonfunctional binding site exists self-sufficient for intoxication. In either scenario, the A/B
determinant binding sites could, for example, play a roleawaiting a single mutation to be activated, it is probable
that this second binding site already has some function, for the internalization process of the toxin through rafts.
possibly partly explaining the broader carbohydrate
specificity observed for LTB. Interestingly, a naturally
Binding of Different Blood Group Determinantsoccurring E. coli heat-labile enterotoxin B subunit homo-
According to previous binding studies (A˚ngstro¨m etlog with a 100% sequence identity to LCTBK in the
al., 2000), LCTBK recognizes both the blood group Adescribed new binding site was recently described (Kar-
(GalNAc3(Fuc2)Gal-) and B (Gal3(Fuc2)Gal-) de-asawa et al., 2002). This finding needs to be followed
terminants on type 2 core chains, i.e., the minimum bind-up by sequencing the B subunits from a large number
ing epitope required for binding of LCTBK is Gal3(Fuc2)of enterotoxigenic E.coli to determine the frequency of
Gal4(Fuc3)GlcNAc (see Figure 1). Blood group A de-Asn4.
terminants exhibit an extra acetamido group attached toThere is ample evidence for the ability of LTB to bind
Gal3 at the 2-position, which, according to the resultsto additional N-acetyllactosamine-based receptors via
from the binding studies is not essential for the protein-uncharacterized mechanisms that do not necessarily
carbohydrate interactions. In the crystal structure, theinvolve the GM1 binding site (Griffiths and Critchley,
acetamido nitrogen is involved in strong hydrogen1991; Holmgren et al., 1982, 1985; Karlsson et al., 1996;
bonds to two amino acid residues, Gly45 and Thr47.Shida et al., 1996; Teneberg et al., 2000). Indications
However, the hydroxyl group present in blood group Bthat LTB is able to bind to blood group A/B determinants
determinants preserves this interaction, hence ex-of both glycolipid (Barra et al., 1992) and glycoprotein
plaining the similar binding results.(Balanzino et al., 1994) origin have also been described.
While A9 and A7 type 2 antigens were tested bindingFurthermore, one of these studies (Holmgren et al., 1982)
positive, A6 (or B6) type 2 antigens were found not toshows that LT remains toxic even if the primary GM1
bind to LCTBK (A˚ngstro¨m et al., 2000). A6 and B6 typebinding sites are blocked. Since five of the eight noncon-
2 antigens also carry blood group A and B determinants,served residues exchanged in the block substitution
but lack the internal Fuc3. According to the crystalgenerating the CTB mutant LCTBH (Ba¨ckstro¨m et al.,
structure of the LCTBK complex, this 3-linked fucose is1997) (with binding properties indistinguishable from
highly solvent exposed and not involved in any hydrogenhLTB) are found in the novel binding site and four of
bonding interactions. However, the fucose methyl groupthese residues interact with the new ligand, it is reason-
is instead involved in strong hydrophobic interactionsable to assume that the broader range of specificities
with an extended hydrophobic surface stretch on theobserved for LTB at least in part relates to the newly
peptide chain, extending all the way from the Ala46discovered binding site. Interestingly, the LT toxin,
methyl group to its main chain  carbon atom and furtherwhich remains associated with the outer membrane lipo-
to Gly45 C/CA (for details, see Table 2). In addition,polysaccharides (LPS) of enterotoxigenic E. coli prior to
Fuc3 imposes rigidity on the adjacent 1-4 linkageattaching to the host cell, has been suggested to exhibit
through internal carbohydrate-carbohydrate interac-an LPS binding site in the same general region as the
tions with Gal and GlcNAc. The internal Fuc3 thus con-novel blood group A/B binding site (Horstman et al.,
tributes to binding in a dual fashion: first, through direct2004).
hydrophobic interactions with the protein and, second,In this context, the question whether the newly discov-
by internally stabilizing the conformation of the GlcNAcered binding site is membrane accessible or not merits
residue, thus priming it for binding.consideration, i.e., if blood group antigens displayed on
Finally, the question arises as to why only blood groupthe cell surface at all could reach this binding site. This
determinants on type 2 core chains, in which the galac-is highly relevant since the native heat-labile enterotoxin
tose and fucose extensions at C3 and C4 of GlcNAc arehas been shown to bind to both lipid- and protein-
interchanged relative to type 1 core chains, are recog-anchored blood group antigens originating from porcine
nized. Superimposing the type 1 and type 2 blood groupintestinal mucosa and HT-29 colon carcinoma cells
A pentasaccharides (GalNAc3(Fuc2)Gal3/4(Fuc4/3)(Barra et al., 1992; Balanzino et al., 1994; Galva´n et al.,
GlcNAc) (Figure 1) reveals that only the GlcNAc residue2004). Simple docking studies (data not shown) reveal
suffers a 180 reorientation in the type 1 case relativethat longer blood group antigens such as the A9 type 2
to the type 2 case (cf. Teneberg et al., 2003), whileglycosphingolipid may very well assume conformations
the terminal trisaccharide is superimposable. The Lewisextending from the membrane into the described bind-
fucose (Fuc3 in type 2 and Fuc4 in type 1 chains) alsoing site without clashing with the GM1 binding sites.
occupies a similar position in both antigens. DockingHowever, in the human target tissue, i.e., the small intes-
studies show that even the placement of the GlcNActinal epithelium, the absolute majority of nonacid blood
group determinant-carrying glycosphingolipids are based N-acetyl group in type 1 chains at the position of the
Crystal Structure LCTBK-Pentasaccharide Complex
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hydroxy methyl group in type 2 chains does not seem that LT possibly exhibits additional binding site(s) unre-
lated to the primary GM1 receptor site. As discussedcritical, as it merely would displace one water molecule
and reorient a few other ones in the binding site, al- in detail above, it might well turn out that the newly
discovered binding site is in fact functional and explainsthough the quantitative effect of this difference is diffi-
cult to judge. Alternatively, the critical difference might several of these previously puzzling observations.
reside in the positioning of the GlcNAc O1 atom, which
determines the direction of the core extension of the Experimental Procedures
saccharide chain. For A7, having a core extension of
Plasmids and DNA Manipulations3Gal4Glc1Cer instead of 3Gal4GlcNAc3Gal4Glc-
The construction of the gene encoding LCTBK has been described1Cer as for A9, the type 1 variant may produce some
previously (A˚ngstro¨m et al., 2000). The gene encoding human LTBminor clashes with the protein depending on the pre-
with a single amino acid change at position 4 (S4N) was derived
ferred GlcNAc3Gal conformation. This is in contrast from the plasmid encoding the LCTBK protein. The plasmid pML-
to the weakly binding type 2 variant, which might be LCTBK was digested with PstI and HindIII to remove the entire LTB/
CTB hybrid downstream of the cysteine at position 9 of the maturesufficient to render this structure nonbinding. However,
protein. DNA encoding the native human LTB gene, obtained byfor the A9 type 1 determinant, irrespective of whether
PCR amplification of the heltB gene, was digested with the samethe core tetrasaccharide is type 1 or type 2, binding
enzymes and replaced the DNA downstream of position 9. Followingcould possibly occur as judged by docking of these
ligation of the DNA fragments and their transformation into the clas-
structures. Binding studies with A9 type 1 variants have sical O1 Vibrio cholerae strain JS1569, recombinant plasmids were
so far not been performed but would be interesting to isolated on the basis first of restriction analysis and finally by confir-
mation of the DNA sequence using an A310 Genetic analyzer intest.
combination with Big Dye sequencing chemistry (Perkin Elmer). The
recombinant hLTB/S4N could then be expressed and purified essen-
Implications for Drug Design tially in the same way as LCTBK.
The structure of the LCTBK-blood group A pentasac-
charide complex has brought new insights into the com- Production, Purification, and Characterization of the Hybrid
plex nature of protein-ligand interactions, in particular and Mutant B Subunits
The plasmids encoding the mutant and hybrid B subunits wererevealing the importance of water-mediated interactions
expressed in Vibrio cholerae strain JS1569. Cell cultures were grownfor protein-carbohydrate complexes. This could prove
for 20–24 hr at 37C in liquid cultures of modified Syncase mediumto be important for the theoretical design of new binding
supplemented with 100	g/ml ampicillin. The bacteria were removedspecificities in lectins in general but also for any type
by centrifugation and the B subunits, which are secreted into the
of structure-based drug design. With regard to the cre- growth medium, were recovered from the supernatant by acidifica-
ation of new recognition sites, CTB- and LTB-related tion in the presence of 2.5 g/l sodium hexametaphosphate (Lebens
et al., 1993). The precipitate was redissolved in 20–200 mM Tris/proteins are, due to their extensively described struc-
HCl, pH 7.5–8.0. The protein was further purified using either geltures and exceptional immunological properties, excel-
filtration or ion exchange chromatography, depending on the fieldlent targets for investigations aimed at giving insights
of application. For microtiter well assays, LCTBK and hLTB/S4Ninto how their diverse biological activities are related to
were purified on a Superdex 200 gel filtration column in 10 mM Tris/
recognition of different carbohydrate receptors. In terms HCl, pH 7.5, and concentrated to a final concentration of 1 mg/ml.
of future use of LT-related holotoxins or lectin moieties Since the protein sample prepared by this procedure proved to be of
insufficient quality for crystallization trials, protein for crystallizationas immune modulators in disease, it is also important to
was instead purified using a BioRex weak cationic ion exchangefurther characterize the biological effect of new binding
resin in 20 mM Tris/HCl, pH 8.0, and eluted using a salt gradient ofspecificities and to evaluate the importance of binding
0–0.5 M NaCl in the same buffer. The protein was subsequentlyto different carbohydrate receptors to the biological ac-
dialyzed against Tris/HCl, pH 7.5, supplemented with 0.2 M NaCl,
tion of the protein. and concentrated to a final concentration of 9 mg/ml.
The concentration of recombinant B subunits was monitored by
GM1 enzyme-linked immunosorbent assays (GM1-ELISA) using theConclusions
crossreactive monoclonal antibody LT39 and recombinant CTB of
The driving force for the current crystallographic analy- a known concentration as a standard (Svennerholm and Holmgren,
sis was the discovery of a novel binding specificity of the 1978). The protein was further analyzed by SDS-polyacrylamide gel
electrophoresis and the concentration of pure protein was deter-protein hybrid LCTBK to blood group antigens, based on
mined with the BCA Protein Assay (PIERCE) and by absorbanceglycosphingolipid binding studies. The 1.9 A˚ structure
spectroscopy at 280 nm.of LCTBK in complex with the blood group A type 2
pentasaccharide reveals the existence of a distinct new
Crystallizationbinding site, as previously predicted by molecular mod-
The LCTBK hybrid (9 mg/ml in Tris/HCl, pH 7.5, 0.2 M NaCl) waseling. In the present study, we show that this new binding
cocrystallized with the terminal pentasaccharide of the A9 type 2site is the effect of a single Ser→Asn substitution in
(A9-2) glycosphingolipid GalNAc3(Fuc2)Gal4(Fuc3)GlcNAc
hLTB. Unexpectedly, the residue crucial for creating the (IsoSep AB; Tullinge, Sweden). Crystals were obtained from freshly
novel binding specificity, Asn4, plays only a modest role prepared protein sample, using the hanging drop vapor diffusion
technique at room temperature. Saccharide and protein B subunitsin ligand binding, interacting with the pentasaccharide
were mixed in a molar ratio of approximately 3:1 and the solutionligand via a single water molecule. Also, most of the
was allowed to equilibrate for ca. 2 hr prior to set-ups. The reservoirother ligand contacts are of an indirect nature, mediated
solution contained 0.25–0.30 M CaCl2, 23%–24% PEG 3350, andby strongly bound water molecules, confirming the im-
20% glycerol. The crystals belong to the monoclinic space group
portance of water-mediated bonds for carbohydrate- C2, with cell axes a  110.2 A˚, b  70.1 A˚, c  137.4 A˚ and  
protein interactions. 92.9. A Matthews coefficient VM of 2.4 A˚3/Da (Matthews, 1968) corre-
sponding to a solvent content of about 48.5% was obtained for twoThere is ample evidence in the literature indicating
Structure
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copies of the B-pentamer in the asymmetric unit, i.e., ten copies of structure was consecutively superimposed on the others and the
root-mean-square deviation (rmsd) was calculated for the backbonethe B subunit protomers.
and for each of the ten pentasaccharides. Comparisons with the
native toxins were based on superimpositions with high-resolutionData Collection
structures of LTB and CTB (native and mutant) deposited in theData sets were collected for two different crystals at cryogenic
Protein Data Bank (PDB). Ligand-bound complexes as well as genet-temperature (100 K) and used in different stages of structure deter-
ically modified molecules were included, provided that there were nomination and refinement. One of the data sets was recorded to 2.0 A˚
relevant changes in the sequence and the resolution was sufficientlyresolution on a MAR CCD detector at beamline BL711 at the MAX-
high (
2 A˚). In total, ten structures were selected from the PDB forlab II synchrotron in Lund, Sweden (400 frames; oscillation range
this comparison (ID codes 1DJR, 1EEF, 1EFI, 1FD7, 1LT5, 3CHB,of 0.5 per frame; wavelength   0.97 A˚). The second data set was
1LLR, 1MD2, 1JR0, and 1EEI). From these, five CTB structures (Fanrecorded to 1.9 A˚ resolution on a MAR 345 imaging-plate system
et al., 2001; Merritt et al., 1998, 2002; Pickens et al., 2002; Zhangmounted on a rotating copper anode (Rigaku RU300 HB) at Astra-
et al., 2002) and five LTB structures (Fan et al., 2001; Merritt etZeneca, Mo¨lndal (300 frames; oscillation range of 1 per frame).
al., 1997; Minke et al., 2000) were investigated further to analyzeThe data were processed and scaled using XDS and XSCALE
conserved water molecules.(Kabsch, 1988a, 1988b, 1993). The former data set was used for
structure determination and initial refinement. The 1.9 A˚ rotating
Reference Glycosphingolipidsanode data were used for subsequent refinement owing to the
Total acid and nonacid glycosphingolipid fractions were obtained byslightly higher resolution, higher signal-to-noise ratio, and lower final
standard procedures (Karlsson and Stromberg, 1987). The individualR factors. This data set was also used for calculation of the final
glycosphingolipids were isolated by repeated chromatography onmodel. Attempts were made to scale the two data sets together,
silicic acid columns and by HPLC of the native glycosphingolipidbut without success. For statistics of both data sets, see Table 1.
fractions, or acetylated derivatives thereof. The identity of the puri-
fied glycosphingolipids was confirmed by mass spectrometry (Sam-Structure Determination and Refinement
uelsson et al., 1990), proton NMR spectroscopy (Koerner et al.,The structure was solved by Molecular Replacement using the pro-
1983), and degradation studies (Yang and Hakomori, 1971).gram AMoRe (Navaza, 1994), as implemented in the CCP4 program
suite (CCP4, 1994). The cholera toxin B-pentamer from PDB entry
Radiolabeling1EEI (Fan et al., 2001) was used as a search model. A self-rotation
Aliquots of 100 	g of each B subunit preparation were labeled withsearch with the CCP4 program MOLREP (Vagin and Teplyakov,
125I by the Iodogen method (Laemmli, 1970), giving in average 2 1997) revealed a 2-fold noncrystallographic symmetry axis in addi-
103 cpm/	g.tion to the expected 5-fold noncrystallographic symmetry, consis-
tent with the presence of two pentamers per asymmetric unit. Two
Microtiter Well Assaymolecular replacement solutions were found for the pentamer
The microtiter well binding assay was performed as previously de-search model, and the resulting decamer was used as initial model
scribed (A˚ngstro¨m et al., 1994). In short, 50 	l of serial dilutionsfor refinement. Rigid body optimization resulted in unbiased, but
(each dilution in triplicate) of pure glycosphingolipids in methanolclearly interpretable electron density for the five sugar residues
were applied to microtiter wells (Falcon 3911, Becton Dickinsonin all ten copies of the B subunit, already straight from the start.
Labware, Oxnard, CA). When the solvent had evaporated, the wellsCrystallographic refinement using the program CNS (Bru¨nger et al.,
were blocked for 2 hr at room temperature with 200 	l of phosphate-1998) was then alternated with manual rebuilding of the coordinates
buffered saline, pH 7.3, (PBS) containing 2% bovine serum albuminusing the program O (Jones et al., 1991), in several cycles. Initially,
(w/v) and 0.1% NaN3 (w/v) (Sol. 1). Thereafter, 50 	l of radiolabeledthe 10-fold noncrystallographic symmetry (NCS) was used to con-
B subunits, diluted in Sol. 1 (approximately 2  103 cpm/	l), werestrain and, subsequently, to restrain the subunits to be similar. To
added per well and incubated over night at room temperature. Afteraid rebuilding in initial stages, an NCS-averaged map was calculated
washing six times with PBS, the wells were cut out and the radioac-with CNS, and no more than the features clearly visible in this map
tivity was counted in a  counter.were introduced to the monomer model. Later, the restraints were
loosened and each monomer and its residues were refined individu-
Acknowledgmentsally. Throughout refinement, the Rfree value, based on 5% of the
collected data, was used to monitor the convergence.
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